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ABSTRACT—The relative influence of physical, chemical, and biotic wetland characteristics on wetland use 
by spring migrating lesser scaup (Aythya affinis [Eyton]; hereafter “scaup”) is not well understood. We com-
pared characteristics of used and unused wetlands in eastern South Dakota. Used wetlands were larger (>2 ha; 
P = 0.05), with higher amphipod densities (>500 individuals m-2; P = 0.01) and higher chlorophyll-a concentra-
tions (>0.2; P < 0.05). These wetlands had lower ionic conductivity (1.8 mS; P = 0.02), lower nitrates (1.0 ppm; 
P = 0.01), lower submerged aquatic vegetation density (P < 0.01), and lower fine sediment proportions (≤150 µm 
grain size; P < 0.01). Wetland use was best described by amphipod and submerged aquatic vegetation densities. 
The predictive model explained 50.4% of the variation in scaup use in a reserve dataset. Thresholds of tolerance 
by amphipods in relation to wetland habitats in the upper Midwest should be investigated further as indicators 
of a broader range of water and habitat quality characteristics for scaup.
Key Words: amphipods, Prairie Pothole Region, submerged aquatic vegetation, water quality
INTRODUCTION
 The decline of lesser scaup (Aythya affinis [Eyton]; 
hereafter “scaup”) populations over the last two decades 
has been attributed in part to deteriorating migration and 
breeding habitat quality (Austin et al. 1998; Afton and 
Anderson 2001). Though the reasons remain unclear, 
population declines are likely the result of a number of 
factors such as climate change, heavy metal contamina-
tion, and dietary shifts acting concomitantly (Koons 
and Rotella 2003; Badzinski and Petrie 2006; Petrie et 
al. 2007). Consequently, links between scaup breeding 
propensity and some measurable habitat changes have 
remained elusive to researchers and managers. One of 
the most widely acknowledged hypotheses postulates 
that female scaup are arriving on breeding grounds in 
poorer condition than they did historically because these 
females failed to sequester sufficient nutrients during 
spring migration (the “spring condition hypothesis”; 
Afton and Anderson 2001). Studies supporting this 
hypothesis found that scaup captured along migration 
routes in the 2000s weighed up to 50 g less than they did 
historically, and exhibited lower fat reserves compared to 
other midlatitude staging sites (Anteau and Afton 2004; 
Badzinski and Petrie 2006). Comparisons between scaup 
diets in the 1980s and individuals captured in the 2000s 
indicate a reduced occurrence of key prey items that may 
have direct implications for nutrient sequestration (Afton 
et al. 1991; Strand et al. 2007). Furthermore, the findings 
1Current address: California Coop Fish Research Unit, Hum-
boldt State University, Arcata, CA 95521
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from these studies suggest the problem may lie in the up-
per Midwest, an important staging and breeding ground 
for waterfowl. Nutritional deficiency or dietary shifts are 
plausible explanations for poorer body condition; how-
ever, no invertebrate diet items have been directly linked 
to health.
 In South Dakota (Fig. 1), scaup tend to occur more 
commonly on larger and deeper semipermanent or 
permanent wetlands with open water cover types and 
appear to prefer specific physiographic regions over oth-
ers (Lindeman and Clark 1999; Mockler 2004; Anteau 
2006; Walsh et al. 2006). These wetlands undergo sig-
nificant climate-induced changes in size, chemistry, and 
physiognomy occurring in 10- to 20-year-long dry-wet 
cycles. Therefore, although climate is expected to play 
a significant role in determining habitat suitability, little 
is known about the possible effects of water quality and 
wetland biota (e.g., Lindeman and Clark 1999; Anteau 
2006; Walsh et al. 2006). Identifying the key indicators 
of scaup habitat use may provide important clues to their 
deteriorating body condition and population declines in 
relation to habitat quality.
 We used two independent analyses, the first to distin-
guish used and unused wetlands by their physical, chemi-
cal, and biotic characteristics. We assumed that consistent 
use over the staging period or lack thereof could be used 
to infer habitat suitability. It is likely that larger flocks 
spending longer periods of time at a wetland indicate 
Figure	1.	Location	of	semipermanent	wetlands	surveyed	for	lesser	scaup	use	and	samples	collected	(gray	squares)	in	relation	to	
the	Great	Plains	(gray	shaded	area).	South	Dakota’s	physiographic	regions	are	outlined	in	black.	Sampled	wetlands	were	located	
in	the	Prairie	Coteau	physiographic	region	of	eastern	South	Dakota.
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relatively higher food availability, lowered threat of 
predators, and/or lower competition, among other factors. 
We took an information-theoretic approach to select the 
models that best explain scaup use. We then evaluated the 
predictive power of selected models describing scaup use 
on a reserve dataset and ranked the most important vari-
ables to guide future studies into causal relationships.
MATERIALS AND METHODS
Study Area
 Thirty-six study sites were located in the Prairie 
Coteau physiographic region in eastern South Dakota 
(Fig. 1). The Prairie Coteau is an elevated plateau that 
lies within the Prairie Pothole Region and is an impor-
tant spring staging area for scaup (Mockler 2004) due 
to high numbers of large semipermanent and permanent 
wetlands. The Prairie Pothole Region extends from Iowa 
into Canada and encompasses approximately 800,000 
km2. Johnson and Higgins (1997) estimated that 10% 
of South Dakota’s Prairie Pothole Region landscape is 
comprised of depressional wetlands, mainly freshwater 
marshes formed by glaciation events during the Pleisto-
cene epoch (Flint 1971). Hydrological conditions in the 
area are highly variable and are characterized by patterns 
of drought followed by periods of abundant precipitation 
in cycles that can persist for 10 or more years (Winter 
and Rosenberry 1998; Euliss et al. 1999). Temperatures 
can exceed 35oC in summer and -20oC in winter. Isolated 
summer thunderstorms can bring several centimeters of 
rain in small, localized areas. The cyclical nature of the 
climate in the Prairie Pothole Region, as well as inter-
annual climate oscillations and localized precipitation 
events, often mean that drought and flood conditions may 
occur simultaneously within short geographic distances. 
All sites sampled were either semipermanent or perma-
nent wetlands with open water cover types (cover types 3 
and 4; Stewart and Kantrud 1971).
 Twenty-five of these wetlands were surveyed once a 
week for six weeks during peak migration from April-
May 2004 and for eleven weeks in 2005. Wetlands oc-
cupied by scaup were surveyed and unoccupied sites 
monitored concurrently. Presence of scaup was recorded 
and abundance estimated by ranking numbers observed 
into six categories (0 = 0, 1 = 1–5, 2 = 6–20, 3 = 21–50, 
4 = 51–100, and 5 > 100). The frequency of use was calcu-
lated as the mean rank observed over the six-week survey 
period. Water quality, sediment, and macroinvertebrate, 
vegetation, and morphometric variables were collected 
shortly after the last census date (<20 days) for each wet-
land.
Wetland Sampling Protocol
Physico-Chemical Variables. Samples were collected 
from four transects selected representing the entire wet-
land. Satellite images and ground surveys were used to 
determine locations and accessibility. Dissolved oxygen 
(% and mg l-1), conductivity (mS cm-1), turbidity (nepha-
lometric turbidity units; NTU), water temperature (oC), 
ammonium (NH4; mg l-1), and pH were measured on site 
using a portable YSI® data Sonde (model 6400; Yellow 
Springs Instruments Company, Yellow Springs, OH). 
Water samples were collected in 1-liter plastic cubitainers 
stored below 4oC and later frozen until processing. Ortho-
phosphates (ppm), total Kjeldlal nitrogen (TKN; ppm), 
ammonia (NH3; ppm), nitrites (NO2-; ppm), nitrates 
(NO3-; ppm), potassium (K; ppm), and chlorides (Cl; 
ppm) were analyzed following American Public Health 
Association (1998) protocols by South Dakota State Uni-
versity’s biochemistry department. Water depth (cm) and 
Secchi depth (cm) were determined in close proximity 
to benthic macroinvertebrate samples. Three sediment 
samples were collected by inserting a plastic sediment 
corer (6 cm diameter) about 20 cm into the bottom of the 
wetland within 5 m of the shoreline. Sediment samples 
were deposited in plastic bags and stored below 4oC until 
processing. In the laboratory, 1.5 kg of homogenized wet 
sediment was dried to a constant weight at 70oC. Dried 
samples were then sifted through five sieves (4,000 µm, 
2,000 µm, 750 µm, 300 µm, and 150 µm) and contents of 
each sieve were weighed and classified using the Udden-
Wentworth scale for siliclastic sediments (Wentworth 
1922). Pond area, shoreline length, and emergent vegeta-
tion buffer estimates were derived from color infrared 
satellite imagery taken in late spring to early summer 
2004 (3.5 minute Landsat Thematic Mapper, www.sdgs.
gov).
Biotic Variables. At each transect, three benthic samples 
were collected 2-5 m from the shoreline toward the 
wetland center using a benthic core sampler (24 cm di-
ameter). Contents were homogenized in the corer using 
a handheld fishnet and 10 scoops transferred into a sieve 
bucket. This process was repeated three times within 5 m 
of the original site. All three samples were integrated and 
transferred into a plastic container and preserved in 80% 
ethanol solution and later rinsed and fixed in 5% formalin. 
Microhabitat characteristics of each site were determined 
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from the proportion of sediment, vegetation, and detri-
tus collected in core samples. Entire macroinvertebrate 
samples were sorted and counted. Insects were classified 
to order, mollusks to family and crustaceans to species 
(Merritt and Cummins 1996; Batzer et al. 1999; Voshell 
2002). Density was calculated as individuals per square 
meter based on the surface area sampled (0.095 m-2). Two 
independent recorders visually estimated submerged 
aquatic vegetation (SAV) density into four categories: 
(1) zero; (2) low (plant stems >30 cm apart); (3) moderate 
(stems ≥10 cm and <30 cm apart); and (3) high (stems <10 
cm apart) within a 1 m-2 quadrat (Paukert et al. 2002). 
Number of quadrats surveyed per site varied depending 
on the size of the wetland and the average SAV density per 
site calculated as the mean of the total number of quad-
rats assessed. In deeper wetlands (>1.5 m), SAV density 
was estimated only along the shoreline. To compare the 
characteristics of used and unused wetlands, we used 
nonparametric Mann-Whitney U-tests (STATISTICA; 
StatSoft 2003).
Model Justification and Analysis. Competing hypoth-
eses relating to wetland use were used to build a priori 
using the general linear model function (PROC GLM; 
SAS Institute 2003) and ranked by Akaike’s information 
criterion (AICc) for small sample sizes. AICc values were 
calculated from the residual sum of squares derived from 
the regression models because the response variable was 
normally distributed and we assumed independent nor-
mally distributed errors with constant variance (Burnham 
and Anderson 2002). Number of parameters (K) included 
the regression coefficients (r), intercept and residual vari-
ance (therefore K = r + 2). Models were built based on 
assumptions that scaup wetland use is best described by 
water chemistry, wetland morphometry, potential prey 
item abundance, and/or primary productivity. There is 
strong evidence linking scaup use to presence of amphi-
pod crustaceans (Hyalella azteca and Gammarus lacus-
tris) because these crustaceans are considered to be one 
of the most important prey items on migration and breed-
ing grounds (Bartonek and Hickey 1969; Sudgen 1973; 
Anteau 2006; Strand et al. 2007). Wetland class, size, and 
depth are commonly cited as determinants of scaup use 
(Smith 1971; Kantrud and Stewart 1977; Lindeman and 
Clark 1999; Mockler 2004; Walsh et al. 2006). Previous 
studies also suggest wetland use is influenced by turbidity 
and nutrient concentrations as these may impact primary 
and secondary productivity (Anteau 2006; Walsh et al. 
2006). Additionally, salinity in wetlands of the Prairie 
Pothole Region affects vegetation and macroinvertebrate 
population growth (Stewart and Kantrud 1972). Toxicity 
studies indicate that Hyalella azteca is also sensitive to 
ammonia concentration in freshwater sediments (Besser 
et al. 1998). Because 25 observations were used to build 
predictive models, the number of variables per model was 
limited to a maximum of two of the most likely variables 
representing water quality, morphometry, or biota to 
avoid overfitting. Model weights (wi) were calculated as a 
measure of the support for each model. Model-averaged 
regression coefficients (ß) were calculated from model 
weights using all models within four ∆AICc values of the 
model with the lowest AICc value. Relative importance of 
predictor variables was estimated by summing the AICc 
weights (wi) across all models in the candidate set where 
the variable occurred (Burnham and Anderson 2002). 
Model-averaged parameter estimates were then used in 
the predictive models to generate scaup use values for 
the reserve dataset. Predicted values were plotted against 
observed values and the regression coefficient used as a 
measure of predictive power.
RESULTS
 Scaup occurred on 50% of all the wetlands sampled in 
2004 and 73% of those surveyed in 2005. The highest use 
was observed on the largest wetland (Lake Poinsett; 3,206 
ha), where flocks of up to 200 individuals were observed 
for five of the six survey weeks. Four of the initial sites 
were waterfowl production areas. Another four were sew-
age treatment ponds, where scaup were often observed in 
high densities throughout the survey period (20–50 birds 
observed over six weeks using 0.2–3.0 ha ponds). Emer-
gent vegetation communities around wetland sites ac-
counted for 0% to 30% of total wetland area and consisted 
primarily of cattail (Typha spp.) and reed-canary grass 
(Phalaris arundinacea). Submerged aquatic vegetation 
species encountered included coontail (Ceratophyllum 
demersum), water milfoil (Myrophyllum sibiricum), lem-
nids or duckweeds (Lemna trisulca and L. turionifera), 
and pondweeds (Potamogeton richardsonii, P. robensii, 
P. pusillus, P. nodosus, P. foliosus, and Stuckenia pecti-
natus). Cyanobacteria and green algae (Cladophora sp.) 
also were observed as the season progressed. Numerous 
other bird species observed using the sites included Cana-
da goose (Branta canadensis), mallards (Anas platyrhyn-
chos), northern shovelers (Anas clypeata), blue-winged 
teal (Anas discors), double-crested cormorants (Phala-
crocorax auritus), American white pelicans (Pelicanus 
erythrorhynchos), American coots (Fulica americana), 
ring-necked ducks (Aythya collaris), redheads (Aythya 
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americana), canvasbacks (Aythya valisineria), great-blue 
herons (Ardea herodias), and buffleheads (Bucephala 
albeola).
Site-Specific Variables
Physico-Chemical Characteristics. pH values ranged 
from neutral to moderately alkaline (6.5–8.5) and tem-
peratures from 15oC to 21oC. Specific conductivity 
ranged from 0.3 to 5.8 mS cm-1 and fell within observed 
estimates for Prairie Pothole Region wetlands. Wetland 
depths within 5 m of the shoreline varied considerably 
from 8.5 cm to 70.0 cm; however, no significant differ-
ences in use were detected (Table 1). Wetlands used by 
scaup were larger (average 268 ha; P = 0.05) than those 
avoided. However, flocks were also observed using rela-
tively small (~0.2 ha) sewage ponds. Ionic conductivity, 
nitrates, and proportion of fine-grained sediments (clay/
silt; <150 µm) were lower in wetlands used by scaup (P 
= 0.02, P = 0.01, and P = 0.01, respectively). Similarly, 
the proportion of coarse-grained sediments was higher in 
wetlands used by scaup (P = 0.01; Table 2). Chlorophyll-a 
concentrations were higher in used than unused wetlands 
(P < 0.05; Table 3).
Biotic Characteristics. Mollusks, amphipods, chirono-
mids, corixids, and oligochaetes were the most abundant 
invertebrates observed in stovepipe samples (Table 4). 
Wetlands used by scaup had higher densities of amphi-
pods and leeches (P = 0.01 and P = 0.01, respectively) 
and lower SAV density (P = 0.01; Table 5). Amphipods 
occurred in 69% of wetlands in 2004 and 91% in 2005. 
Amphipod densities in used wetlands ranged from 0 to 
7,000 individuals m-2 while in unused wetlands amphipod 
densities ranged from 0 to 85 individuals m-2. Amphipods 
were positively correlated with wetland area and nega-
tively correlated with specific conductivity, chlorides, 
potassium, nitrates, percentage of vegetation, orthophos-
phates, and seed density. Densities of all potential diet 
items were lower in sewage ponds than in other wetlands, 
with the exception of chironomids, with average densities 
of 752 individuals m-2 compared with average densities of 
350 individuals m-2 in natural wetlands.
Model Results
 The highest AICc ranked model included amphipod 
and SAV density (Table 6). Fourteen models fell within 
4 AICc values of the best model, based on AICc distance. 
TABLE 1
COMPARISON OF PHYSICO-CHEMICAL CHARACTERISTICS OF WETLANDS USED OR NOT 
USED BY LESSER SCAUP MIGRANTS IN THE PRAIRIE COTEAU PHYSIOGRAPHIC REGION OF 
EASTERN SOUTH DAKOTA
Variables Wetlands not used by lesser scaup Wetlands used by lesser scaup
Average Median Minimum Maximum Average Median Minimum Maximum P
Physical variables
Percentage vegetation 24.5 15.0 0.0 65.0 9.0 3.0 0.0 35.0 0.23
Percentage detritus 19.2 10.0 0.0 90.0 24.3 15.0 0.0 90.0 0.56
Percentage other 56.3 65.0 10.0 85.0 66.7 80.0 10.0 100.0 0.15
Depth (cm) 24.1 19.5 9.0 53.0 26.0 23.0 8.5 70.0 0.95
Secchi depth (cm) 21.0 18.5 9.0 46.0 20.4 15.0 8.0 59.0 0.65
Area (ha) 3.9 2.3 0.3 12.0 267.6 11.0 0.2 3,206.3 0.05
Temperature (°C) 18.0 16.6 15.4 23.0 17.0 16.5 12.6 21.6 0.56
pH 8.3 8.5 6.5 9.0 8.5 8.5 8.1 8.7 0.88
Conductivity (mS cm–1) 3.2 3.1 1.3 5.8 1.8 1.6 0.3 4.3 0.02
Turbidity (NTU)1 1.1 0.9 0.4 3.5 1.9 0.9 0.5 7.5 0.43
Note: Average, medians, ranges, and P-values of Mann-Whitney U-tests. Significant P-values (≤0.05) are italicized.
1Turbidity was measured in nephalometric turbidity units (NTU) using a YSI® data Sonde (model 6400; Yellow Springs Instruments 
Company, Yellow Springs, OH).
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TABLE 2
COMPARISON OF THE SEDIMENT GRAIN SIZE CHARACTERISTICS OF WETLANDS
USED OR NOT USED BY LESSER SCAUP MIGRANTS IN THE PRAIRIE COTEAU
PHYSIOGRAPHIC REGION OF EASTERN SOUTH DAKOTA
Variables Wetlands not used by lesser scaup Wetlands used by lesser scaup
Percentage composition Average Median Minimum Maximum Average Median Minimum Maximum P
Sediment variables
Pebblesa 3.4 3.3 0.1 7.3 11.4 9.4 2.3 31.8 <0.01
Very coarse sandb 11.7 11.3 3.9 18.2 14.8 12.8 9.7 27.4 0.20
Coarse sandc 33.3 31.3 23.3 59.8 35.4 31.2 19.7 54.5 0.82
Medium sandd 16.7 16.4 10.1 26.0 17.3 14.5 2.3 33.0 0.95
Fine sande 18.0 17.9 6.3 29.8 13.8 12.6 0.2 38.2 0.06
Clay/siltf 17.0 15.0 2.3 39.0 7.3 5.7 0.0 15.5 0.01
Note: Average, medians, ranges, and P-values of Mann-Whitney U-tests. Significant P-values (≤0.05) are italicized.
a >4,000 µm diameter
b >2,000-4,000 µm diameter
c >750-2,000 µm diameter
d >300-750 µm diameter
e >150-300 µm diameter
f ≤150 µm diameter
TABLE 3
COMPARISON OF NUTRIENTS AND INDICATORS OF PRODUCTIVITY AMONG WETLANDS 
THAT WERE USED OR NOT USED BY LESSER SCAUP MIGRANTS IN THE PRAIRIE COTEAU 
PHYSIOGRAPHIC REGION OF EASTERN SOUTH DAKOTA
Variables Wetlands not used by lesser scaup Wetlands used by lesser scaup
Average Median Minimum Maximum Average Median Minimum Maximum P
Nutrient variables
Orthophosphorous (ppm) 0.3 0.1 0.0 1.2 1.0 0.3 0.0 9.3 0.78
Total phosphorous (mg l–1) 0.27 0.23 0.08 0.64 0.41 0.34 0.03 1.46 0.53
Ammonium (mg l–1) 1.2 1.0 0.3 3.7 1.6 0.5 0.0 14.5 0.23
Nitrates (ppm) 1.8 1.8 0.8 3.4 1.0 0.8 0.0 2.5 0.01
Nitrites (ppm) 0.1 0.1 0.0 0.2 0.1 0.1 0.0 0.8 0.84
Ammonia (ppm) 1.6 0.8 0.2 6.8 2.0 0.5 0.1 14.2 0.37
Chlorophyll-a (mg l–1) 0.12 0.12 0.05 0.19 0.21 0.22 0.04 0.45 0.05
Note: Average, medians, ranges, and P-values of Mann-Whitney U-tests. Significant P-values (≤0.05) are italicized.
TABLE 4
COMPARISON OF DENSITIES OF MACROINVERTEBRATE TAXA (INDIVIDUALS m–2) COL-
LECTED IN WETLANDS USED OR NOT USED BY LESSER SCAUP MIGRANTS IN THE PRAIRIE 
COTEAU PHYSIOGRAPHIC REGION OF EASTERN SOUTH DAKOTA
Variables Wetlands not used by lesser scaup Wetlands used by lesser scaup
Average Median Minimum Maximum Average Median Minimum Maximum P
Macroinvertebrate taxa
Mollusca 509.2 241.3 26.0 22,239.6 1,094.5 778.6 0.0 3,322.9 0.29
Amphipodae 15.1 0.0 0.0 85.9 594.3 23.4 0.0 6,695.3 0.01
Odonata 1.6 0.0 0.0 213.5 19.5 0.0 0.0 117.1 0.66
Hirudinea 0.3 0.0 0.0 2.6 5.7 2.6 0.0 20.8 0.04
Chironomidae 438.5 235.7 0.0 1,505.2 415.6 286.5 10.4 1,835.9 0.91
Ephemeroptera 6.3 0.0 0.0 55.6 9.3 0.0 0.0 69.4 0.34
Trichoptera 16.9 14.3 0.0 54.7 30.6 20.8 0.0 164.1 0.15
Note: Average, medians, ranges, and P-values of Mann-Whitney U-tests. Significant P-values (≤0.05) are italicized.
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TABLE 5
COMPARISON VEGETATION AND SEED DENSITY OF WETLANDS USED OR NOT USED BY 
LESSER SCAUP MIGRANTS IN THE PRAIRIE COTEAU PHYSIOGRAPHIC REGION
OF EASTERN SOUTH DAKOTA
Variables Wetlands not used by lesser scaup Wetlands used by lesser scaup
Average Median Minimum Maximum Average Median Minimum Maximum P
Aquatic macrophytes
SAV densitya 2.9 3.0 2.0 3.0 2.0 2.0 1.0 3.0 0.01
Marginal vegetationb 2.8 3.0 0.0 4.0 2.3 3.0 0.0 4.0 0.48
Seeds 1354.8 756.1 142.4 4369.8 187.8 385.4 0.0 16531.3 0.15
Note: Average, medians, ranges, and P-values of Mann-Whitney U-tests. Significant P-values (≤0.05) are italicized.
aMeasured as a rank derived from the number of stems within a 1 m2 quadrat (following Paukert et al. 2002) where 0 = none,
 1 = low, 2 = median and 3 = high.
bMeasured as the number of sites with >10 m buffer extending outward from the water. 
TABLE 6
RELATIVE AICc SUPPORT (AICc WEIGHT; wi) FOR TOP MODELS (WITHIN 4 ∆AICc VALUES OF 
THE “BEST” MODEL) EXPLAINING SCAUP USE OF WETLANDS IN EASTERN SOUTH DAKOTA
Parameters in model AICc ∆AICc AICc weight(wi)
Amphipod density, submerged aquatic vegetation density -6.62 0.00 0.11
Amphipod density, ammonia -6.60 0.01 0.11
Amphipod density, ionic conductivity -6.53 0.09 0.11
Amphipod, fine sediment -6.39 0.23 0.10
Area, ammonia -6.30 0.32 0.10
Area, submerged aquatic vegetation density -6.27 0.35 0.09
Area, fine sediments -6.24 0.37 0.09
Area, ionic conductivity -6.20 0.42 0.09
Area, amphipod density -6.18 0.43 0.09
Ammonia -3.03 3.59 0.02
Ionic conductivity -2.98 3.64 0.02
Submerged aquatic vegetation density -2.95 3.67 0.02
Amphipod density -2.94 3.67 0.02
Fine sediment -2.88 3.74 0.02
Area -2.80 3.82 0.02
Note: Where K = parameters in model + 1, ∆AICc = relative distance from the lowest AICc value, amphipod density (ind m–2),
 submerged aquatic vegetation density (individuals m–2), ammonia (NH3) concentration (mg l–1), clay-silt fraction = proportion
 of clay-silt fraction in sediment (<150 µm diameter), ionic conductivity (mS cm–1), combined fine sand and clay-silt sediment
 fractions proportion (<300 µm diameter), and area = wetland size (m2).
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However, the evidence ratios against the 14 models ranged 
from 1.01 to 6.75, suggesting high model selection uncer-
tainty among these models. Model-averaged parameter 
estimates (Table 7) were used to derive the predictive 
model SCAUPUSE = 0.6912 + 0.0001(amphipod density) 
- 0.05717 (SAV). Based on summed AICc weights (Table 
8), amphipod density was the most important variable 
followed by wetland area, ammonium, SAV, conductivity, 
and fine sediments, respectively (Table 8).
Model Validation. The predictive model including 
amphipods and submerged vegetation performed well, 
explaining 50.4% of the variation in scaup use in the 
reserve dataset. We assessed the predictive power of the 
top 10 models drawn from the AICc ranking on the re-
serve dataset. A model including amphipod density and 
ammonium explained slightly more (50.8%) variation in 
the 2005 data, followed by amphipods and conductivity 
(43.5%), amphipods and wetland area (39.2%), and am-
phipod density and fine sediment (0.3%).
CONCLUSIONS
 Lack of conclusive evidence concerning factors 
limiting scaup body condition, reproductive success, 
and population growth has been a growing concern for 
researchers and managers. Uncertainty surrounding 
the evaluation of habitat suitability precludes adequate 
management. Our results support previous studies that 
indicate a strong link between scaup habitat use and am-
phipod crustaceans, suggesting that amphipod presence 
and abundance are indicators of suitability. However, our 
results also indicated high model selection uncertainty 
among the models, which suggests a close relationship 
among physical, chemical, and biotic variables. This 
further emphasizes the complexity of scaup-habitat 
relationships. Instead of a single underlying factor, we 
suggest that amphipod presence and abundance may ap-
proximate a multitude of physical, chemical, and biotic 
habitat characteristics important to scaup. Amphipods 
often constitute a large percentage of scaup diets; how-
ever, their specific importance over other prey items is 
TABLE 7
MODEL AVERAGED PARAMETER ESTIMATES OF EACH VARIABLE USED
TO MODEL SCAUP WETLAND USE
95% confidence interval
Parameter Model averaged (ß) SE Upper Lower
Intercept 10.3681910 0.03764 10.44893 10.28745
Amphipods (individuals m–2) 0.0003455 0.00093 0.002338 -0.00165
Area (ha) 0.0000001 0.00001 0.000028 -0.000028
Conductivity (mS cm–1) -0.5649459 0.04836 -0.46123 -0.66867
Ammonia (ppm) 0.0986261 0.03366 0.170823 0.02643
Fine sediment (≤150 µm) -0.0938316 0.02429 -0.04173 -0.14594
SAV density -1.3231483 0.10060 -1.10738 -1.53892
Note: Unconditional standard error (SE), upper and lower 95% confidence intervals are also included.
TABLE 8
SUMMED AICc WEIGHTS (wi) OF EACH
VARIABLE IN THE TOP 15 MODELS
Parameter
Summed AICc weights
(∑wi)
Amphipods (individuals m–2) 0.54
Area (ha) 0.48
Ammonia (ppm) 0.23
SAV density 0.22
Conductivity (mS cm–1) 0.22
Fine sediment (≤150 µm) 0.21
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still highly debatable, particularly given opportunistic 
feeding behavior often displayed by scaup (e.g., Afton and 
Hier 1991; Wooten and Werner 2004). Although, aquatic 
macroinvertebrates in general provide an account of long-
term wetland conditions, some unique characteristics of 
amphipods may set them apart, such as intolerance to 
drought and sensitivity to water chemistry. Amphipods 
in the Prairie Pothole Region rarely survive hydroperiods 
of less than a year, and depend on host organisms such 
as birds or mammals to disperse and recolonize wetlands 
following drought (Euliss et al. 1999). Their presence and 
abundance may provide important clues about the hydro-
period and climate experienced by a particular wetland. 
Murkin and Ross (2000) found the salinity tolerance of 
amphipods ranged from about 3 to 45 mg l-1. The median 
concentration in wetlands used by scaup in this study 
was 25 mg l-1, whereas the concentration in wetlands 
they avoided was 85 mg l-1 corroborating the thresholds of 
tolerance. Ammonia toxicity may also affect amphipods, 
whose tolerance of ammonia declines with increasing pH 
(Besser et al. 1998; Wang et al. 2008). We found that am-
monia ranked high among the most important variables 
and suggest that its impact on amphipod populations be 
investigated further.
 Physical and morphological wetland characteristics 
such as location, size, depth, and class, particularly in 
the Prairie Pothole Region of the upper Midwest, have 
long been associated with scaup. As in previous studies, 
wetland size was also important. Larger wetlands may 
support higher overall prey item abundance and reduce 
inter- and intraspecific competition among waterfowl 
(Arzel et al. 2006), but in this study, higher than average 
chironimid densities may have lured scaup to use smaller 
ponds (<2 ha). The negative relationship between wetland 
use and the proportion of fine-grained sediments is likely 
related to the potential to increase turbidity via resuspen-
sion and the subsequent impacts on submerged aquatic 
vegetation growth and macroinvertebrate survival. Dif-
ferences in the amount of fine sediment along the shore-
lines of larger versus smaller wetlands may be attributed 
to the scouring action of waves; however, this was not 
investigated. Higher proportions of fine-silty sediment 
deposited along the shorelines of smaller wetlands may 
be due to lower disturbance, but may also likely be the re-
sult of sediment runoff from the surrounding landscape. 
Suspended silt and clay can be toxic to zooplankton and 
reduce foraging and food assimilation rates of aquatic 
invertebrates. Silt and clay may also clog filtering ap-
paratuses (McCabe and O’Brien 1983; Gleason and Eu-
liss 1998; Newcombe and MacDonald 1991). Increased 
sedimentation has been attributed to reduced amphipod 
abundance in stream pools (Holomuzki and Hoyle 1999). 
In this study, wetlands with the high submerged aquatic 
vegetation densities were dominated by nonrooted lem-
nids (duckweeds; Lemna trisulca and L. turionifera), 
which in the most extreme cases filled the entire water 
column. At small scales, high submerged aquatic vegeta-
tion density may lead to lower dissolved oxygen below 
the euphotic zone where respiration is high due to lack of 
light and decomposition (Carpenter and Lodge 1986).
 We recommend further investigation into the extent 
of the relationship between scaup and amphipods beyond 
the linear regression methods used in this study. Given 
their sensitivity to a broad range of ecological factors 
including climate, hydroperiod, water quality, and habitat 
structure, amphipods may provide wetland managers a 
proxy for a multitude of factors. Fish presence as they af-
fect amphipod populations directly through predation and 
indirectly through effects on water quality should also be 
investigated.
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